Dependences of the contrast ratio on the angular deviation of the optical axis with a step of 2 arcmin 28 arcsec have been obtained for Pockels cells based on beta barium borate crystals in the 49 arcmin 34 arcsec range. The investigation was conducted for a single Pockels cell and for a double cell based on optically aligned crystals. The results of investigations can be applied for the calculation of the laser beam focus in order to use a high contrast ratio in high-power laser systems when the light is modulated using Q-switching.
Introduction
High-peak-power and ultrashort-pulse lasers with the external modulation of beam intensity are extensively used in the modern industry, e.g. in the micromachining of bulk glass [1] . The repetition rate and the number of pulses have to be varied depending on the micromachined material. Such laser modulation is achieved via Q-switching technique [2] . The key element for such a task is an electro-optic modulator, also known as a Pockels cell, which acts as a voltage-controlled wave plate. The working principle is based on the Pockels effect: a linear change of the crystal birefringence produced via an applied external electric field.
The most common materials used for the realisation of Pockels cells are beta barium borate (BBO), potassium titanyl phosphate (KTP) and potassium dideuterium phosphate (DKDP) crystals [3] . The Pockels cells based on the BBO crystal have been investigated in this work. They are most popular in the femtosecond high-average-power laser systems. The advantages of the BBO crystal over the DKDP and KTP crystals are a lower piezoelectric ringing phenomenon [4] [5] [6] [7] and a lower sensitivity of the electro-optic coefficient to temperature changes [8] [9] [10] . The birefringence inside the BBO crystal is introduced by the electric field, which is created using high-voltage pulses applied to the electrodes that are fitted on two sides of the crystal. When the electric field is applied, the transverse linear Pockels effect is achieved [11] .
The contrast ratio is one of the main parameters of the Pockels cell [12] . It is expressed as the ratio of the s and p polarisation beams intensity on the output of the Pockels cell crystal [13] . The contrast ratio decreases when the depolarisation of the light inside the Pockels cell crystal increases. Practically, the Pockels cell crystal has two contrast ratios: with no external electrical field (ICR) and with the external electrical field applied (VCR) to the crystal. In order to achieve a high contrast ratio value of the Pockels cell crystal, the crystal has to be aligned with precision inside the laser system.
In most cases the collimated laser beam is used when the light is modulated in the Q-switching regime, however, the collimation is not possible in some cases in high-peak-power laser systems [14, 15] . Therefore, beam components in such situations travel through the crystal at different angles and, as a consequence, the contrast ratio of the Pockels cell crystal decreases. The only recommendation that the optical axis of the Pockels cell has to be parallel to the laser beam within 10 arcmin can be found in the literature [8] .
The novelty of this work is that the dependences of the contrast ratio on the angular deviation of the optical axis for Pockels cells based on BBO crystals have been obtained in the 49 arcmin 34 arcsec range with a step of 2 arcmin 28 arcsec. The results of investigations can be applied for the calculation of the laser beam focus in order to use a high contrast ratio in high-power laser systems when the light is modulated using Q-switching.
Experimental setup
The experimental setup stand includes two parts: the Pockels cell crystal contrast ratio measurement part and the optical axis angular deviation measurement part. The Pockels cell crystal contrast ratio measurement part is shown in Fig. 1 . It consists of a diode-pumped solid-state laser (L1), three polarizers (P1, P2, P3), a non-polarising beamsplitter cube (BS1), a Pockels cell (PC1) and three detectors (D1, D2, D3). The laser with 1064 nm wavelength and 1 W output power is used. The laser beam with a diameter of 1.5 mm and a divergence of 2 mrad travels through the first polarizer P1 to the beamsplitter cube BS1, which was selected to have a reflection of around 5%. The reflection from the beamsplitter cube travels to the detector D3. This detector is used for two purposes: for the stabilization of the contrast ratio in the case of laser output power fluctuations; for the estimation of the maximal beam intensity of the Pockels cell, the value of which is necessary for calculation of the crystal contrast ratio.
The laser beam, after the beamsplitter cube BS1, travels through the second polarizer P2 to the Pockels cell crystal PC1. The beam of the laser is deflected from the third polarizer P3 if the external electrical field is not applied to the Pockels cell crystal and, therefore, the polarisation of the light is not changed. Most of the laser beam intensity reaches the detector D2 in such a case and only a small amount of the laser beam intensity arrives to the detector D1. When the external electrical field is applied to the Pockels cell crystal and, as a consequence, the polarisation of the light is changed, most of the laser beam intensity arrives to the detector D1 and only a small amount of the laser beam intensity arrives to the detector D2.
In order to achieve a high accuracy of the contrast ratio measurement, the output power of the laser L1 has to be increased. However, the detector can saturate at high beam intensity. This problem can be solved using the optical filter with the known value of light transmittance in front of the saturated detector D1 or D2 and by appropriate calibrating of the detector D3. This solution allows us to estimate the beam intensity even when the detector D1 or D2 is saturated. The drawback of such a method is that the calibrated maximal beam intensity estimated by the detector D3 does not take into consideration the light absorption in the Pockels cell. Manufacturers specify that absorption of the Pockels cell is less than 2%.
The optical axis deviation measurement of the Pockels cell crystal was performed while fitting a cell into a holder (Fig. 2) . The tilt angle α of the Pockels cell is selected via adjustment screws (Fig. 2) . The laser diode was fitted inside the holder and pointed to the surface perpendicular to the laser beam in order to estimate the relation between the tilt angle of the holder and the step of the screw. This was accomplished by adjusting of the screw and by measurement of the laser beam displacement on the surface. Knowing the beam displacement and the distance between the surface and the laser, the tilt angle is calculated. The dependence of the contrast ratio of the Pockels cell crystal on the adjustment screw position (on the angular deviation of the optical axis) was measured. The step of the angular deviation measurement was 2 arcmin 28 arcsec in the measurement band of 49 arcmin 34 arcsec.
Analysis of contrast ratio dependence on the angular deviation of the crystal
Two BBO Pockels cells PCB4S-1064 (EksmaOptics) with crystal dimensions of 4 × 4 × 20 mm were investigated. The concentricity of the optical axis in relation to the housing is less than 30 arcmin. The contrast ratio dependence on the crystal optical axis angular deviation when no external electrical field is applied to the crystal was measured. The obtained results for the first and second investigated crystals are presented in Figs. 3 and 4 , respectively. They show that the highest contrast ratio value is obtained at the centre of the optical axis in such a case. The contrast ratio distribution correlates with the optical isogyre pattern of crystals (Fig. 5(a) ). The isogyre pattern of a Pockels cell crystal can be seen when the laser light is scattered inside the crystal and the scattered light is polarised.
The analysis of the contrast ratio dependences presented in Figs. 3 and 4 shows that in the case when no external electrical field is applied to the crystal, the contrast ratio will decrease more than two times y a n g l e / a r c m i n x a n g l e / a r c m i n The results of investigation of the Pockels cell contrast ratio dependence on the crystal optical axis angular deviation when the external electrical field is applied to the cell are given for the first and second investigated crystals in Figs. 6 and 7, respectively. The measurement results show that the contrast ratio has the highest values at the centre of the optical axis. It was unexpected that the distribution of the contrast ratio when the external electrical field was applied did not correlate directly with a form of the isogyre figure (Fig. 5(b) ). The contrast ratio in the centre of the optical axis is distributed in y a n g l e / a r c m i n x a n g l e / a r c m i n -1 0 -1 0 a deformed circle form. The investigation results show that the contrast ratio when the external electrical field is applied decreases more than two times when the angular deviation of the crystal optical axis from the centre of the crystal is more than 5 arcmin.
Impact of optical axis angular deviation on the contrast ratio of the two optically aligned crystals
The Pockels cell based on the BBO crystals has to be affected by the strong external electrical field in order to rotate the beam polarizations. The voltage required for 90° rotation of the polarised light is called the half-wave voltage. The half-wave voltage for Pockels cells based on BBO crystals is defined by the equation [3, 12, 16 ]
where U λ/2 is the half-wave voltage, n o is the ordinary index of refraction of the crystal, r ij is the electrooptic constant, λ is the wavelength of the light, d is the distance between crystal electrodes, and l is the length of the crystal.
It is seen (Eq. 1) that the half-wave voltage decreases if the length of the crystal increases. It is expensive to grow long high-quality crystals, therefore, multiple optically aligned crystals of the same dimensions for decreasing of the half-wave voltage can be used. However, the optical axis of crystals has to be aligned with precision.
The double Pockels cell based on optically aligned BBO crystals was investigated. Additionally, the single BBO Pockels cell was investigated to compare the differences in the results in comparison with the cell based on the two optically aligned crystals. The dependence of the contrast ratio on the angular deviation when no external electrical field is applied to the cells was measured. The measurement results for the case of two crystals are given in Fig. 8 , while for the case of the single crystal they are in Figs. 3 and 4. It is seen that the contrast ratio of the double Pockels cell based on optically aligned BBO crystals is by 30% lower as compared to the case when the single crystal was used. This could happen because the total depolarization introduced by two crystals is higher than depolarization of a single crystal.
The contrast ratio dependence on the crystal optical axis angular deviation when the external Fig. 8 . Contrast ratio dependence on the angular deviation when no external electrical field is applied. Two optically aligned crystals. y a n g l e / a r c m i n x a n g l e / a r c m i n -2 0 -2 0 electrical field is applied to the double Pockels cell based on optically aligned BBO crystals was measured (Fig. 9) . It is seen that there are two zones where the contrast ratio of Pockels cell crystals reaches more than 1100. This happened because the external electrical field strength was selected incorrectly. In order to prove such a statement, the electrical field strength was reduced (voltage between crystal electrodes was reduced from 4.45 to 4.3 kV). The investigation results show (Fig. 10 ) that when the electrical field strength is decreased, two zones, where higher contrast ratio values are detected, move away from the centre of the optical axis. y a n g l e / a r c m i n x a n g l e / a r c m i n -1 0 -1 0 Fig. 9 . Contrast ratio dependence on the angular deviation when external electrical field is applied (4.45 kV between electrodes). Two optically aligned crystals. Fig. 10 . Contrast ratio dependence on the angular deviation when external electrical field is applied (4.3 kV between electrodes). Two optically aligned crystals. y a n g l e / a r c m i n x a n g l e / a r c m i n -2 0 -2 0
Conclusions
1. The contrast ratio of the Pockels cell based on the BBO crystals decreases more than two times when the angular deviation from the centre of the crystal optical axis is more than 5 arcmin.
2. There are two positions where the contrast ratio reaches maximal values in the case when the strength of the external electric field applied to the Pockels cell crystal is incorrect.
3. The contrast ratio of the Pockels cell can be higher with the applied external field than with no external field applied if the crystal is aligned incorrectly.
4. Two optically aligned crystals of the same dimensions can be used for reducing the half-wave voltage, however, the contrast ratio of the Pockels cell based on the two optically aligned BBO crystals is by 30% lower as compared to the case when the single crystal is used. 
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Santrauka
Atliktas Pokelso narvelio su beta bario borato kristalu kontrasto priklausomybės nuo optinės ašies nuokrypio kampo tyrimas 2 arcmin 28 arcsec geba, 49 arcmin 34 arcsec diapazone. Taip pat atlikta Pokelso narvelio su vienu kristalu ir su dviem optiškai išstatytais kristalais lyginamoji kontrasto priklausomybės nuo nuokrypio kampo analizė. Tyrimų rezultatus galima pritaikyti skaičiuojant lazerio spindulio fokusą siekiant užtikrinti aukštą Pokelso narvelio kontrastą didelės galios lazerių sistemose.
